Excess of fat intake leads to obesity and causes a variety of metabolic diseases and cancer. We previously demonstrated that high-lard diet induces intestinal metaplasia, a precancerous lesion of the stomach mediated by leptin signaling. This study aims to investigate which kinds of dietary fat cause the intestinal metaplasia onset. We fed eight kinds of high-fat diets (HFDs) of animal or plant origin to mice evaluated their effect on gastric pathogenesis. Five types of dietary fat were divided according to their observed effects: Obese with high metaplasia (group I; beef tallow, lard, and hydrogenated coconut oil), non-obese with high metaplasia (group II; linseed oil), obese without metaplasia (group III; corn oil and olive oil), non-obese without metaplasia (group IV, soybean oil) and lean without metaplasia (group V; cocoa butter). The group I and II diets induced leptin, phosphorylated leptin receptor (ObR), signal transducer and activator 3 (STAT3), and increased intracellular β-catenin accumulation in the stomach. Moreover, mice fed these HFDs with 1-methyl-3-nitro-1-nitrosoguanidine (MNNG), a gastric carcinogen, and further accelerated dysplasia in the stomach. Lactobacillus occupancy in the stomach increased in all HFDs except hydrogenated coconut oil. Our findings suggest that HFDs inducing leptin signaling accelerate the enhancement of protumorigenic gastric microenvironment independent of body mass gain or microbiome changes.
Introduction
Gastric cancer (GC) accounts for approximately 10% of cancer-related deaths annually and is the second leading cause of cancer death worldwide [1] . Helicobacter pylori is the predominant cause of chronic inflammation and raises the risk of GC [2] , and, in particular, is positively associated with gastric non-cardia adenocarcinoma [3] . However, only a small percentage of H. pylori-infected individuals ultimately develop GC [4, 5] . Obesity is a critical risk factor for gastric cardia cancer, but not total GC [6] . It has been revealed that the obese population has a higher incidence of H. pylori infections [7] , providing a possible mechanism for the observed morbidity of GC in obese individuals. While H. pylori infection is a known risk factor for developing GC, stimulation and modulation of the gastric mucosa via diet and resident microbiota could have important ramifications for human health.
Although several epidemiologic analyses have reported the causal relationship between dietary fat and the risk of GC, these studies are controversial because of locality, ethnicity, or no restricted region of GC (total, cardia, or antrum). Most dietary fats have been also reported to be associated with gastrointestinal tumors due to the induction of obesity [8, 9] . However, some other studies report the inverse or are controversial [10, 11] . Epidemiologic studies have also shown the association of dietary fat with gastric cancer [12, 13] . Han et al. reported with meta-analysis that vegetable fat reduced GC risk, but animal fat did not [14] . We demonstrated that a high-fat diet (HFD) with lard induced intestinal metaplasia (which is the transformation of gastric epithelium into a type of intestinal-like epithelium) precancerous lesions of the stomach [15, 16] . H. felis-induced gastric carcinogenesis is augmented in those fed with a lard diet [17] . In contrast, diets rich in olive oil are correlated with a lower incidence of gastric adenocarcinoma [18] , and dietary cocoa ameliorates inflammation in diet-induced obese mice [19] . Thus, it is critically important to identify what kinds of dietary fats compel malignancy of gastric mucosa.
Nutrition can affect the microbial community in the intestine, and the microbiome contributes widely to systemic diseases [20, 21] . Dysbiosis, a microbiome imbalance induced by HFD feeding is associated with gastrointestinal malignancy [22] . We have reported that a high lard diet induced intestinal metaplasia in the stomach [15] and severe dysbiosis with a larger dominance of the proportion of Lactobacillus [23] in accordance with pathogenesis changes in the stomach. There are several reports examining the different effects of dietary fat on intestinal microbiota in mice. Previous murine studies have shown that fish oil did not promote white adipose tissue inflammation through Toll-like receptor activation, whereas lard-fed mice did [24] . Enormous studies have shown microbiota changes due to various HFDs in the intestine, whereas few studies report on those in the stomach and their effects on gastric pathogenesis.
Leptin is an adipocyte-derived hormone that critically regulates food intake and energy expenditure [25] . The stomach also produces leptin [26] , and higher expression of gastric leptin and its receptor signaling results in the onset of gastric malignancy [27, 28] . We have demonstrated that mice fed a HFD with lard (60% kcal fat) exhibit intestinal metaplasia [15] and an increase in stem cells and pluripotent gene expression mediated by leptin receptor signaling in the stomach [16] . In contrast, leptin-deficient ob/ob mice or leptin receptor mutated db/db mice, a type 2 diabetes model, are extraordinarily obese and do not show enhanced expression of stemness genes, such as Notch1 and Lgr5, and intracellular localization of β-catenin, when compared with HFD-fed wild-type (WT) mice [16] . Thus, we investigated a variety of diets that included animal and vegetable fats, and how each induced protumorigenicity in the stomach.
Materials and Methods

Animals, Diets, and Chemical
Male C57BL/6J (wild-type: WT) were studied at seven weeks of age (Japan SLC, Inc., Hamamatsu, Japan). The mice were housed individually in plastic cages at 24 • C ± 1 • C with lights on from 07:00 to 19:00. The mice were provided with either AIN-93M-based control-diet (CD) and diets with 60% of calories from fat containing lard (Lard), beef tallow (Beef), hydrogenated coconut oil (Coconut), linseed oil (Linseed), corn oil (Corn), olive oil (Olive), soybean oil (Soybean), and cocoa butter (Cocoa) (Oriental Yeast Japan, Table S1 and Figure S1 ) and water ad libitum for three months. To examine effect of HFDs in addition to the carcinogen, 1-methyl-3-nitro-1-nitrosoguanidine (MNNG; Tokyo Chemical Industry Co., Ltd., Tokyo, Japan), 100 mg/L MNNG in distilled water was provided to mice twice a week from five weeks of age. At seven weeks of age, in addition to MNNG administration, mice were fed CD or HFDs with Lard, Linseed, Olive, or Cocoa for three months. Animal care and experiments were conducted in accordance with the guidelines of the Prefectural University of Hiroshima Animal Care and Use Committee and Review Board (18A-008).
Histological Analysis
Paraffin-embedded sections of 10% formalin-fixed tissues were stained with either hematoxylin and eosin (H&E), or with periodic-acid Schiff (PAS) and Alcian blue. Immunofluorescence staining was performed after retrieval using a Retrievagen A kit (pH 6.0, BD Biosciences. San Jose, CA, USA), followed by overnight incubation with the primary Abs ( Supplemental Table S2 ) and then reacted with Alexa Fluor 488 or Alexa Fluor 594-conjugated anti-rabbit, anti-mouse or anti-rat IgG Ab, as appropriate.
Slides were mounted using ProLong Gold Antifade reagent with 4 ,6-diamidino-2-phenylindole (DAPI; Life Technologies, Carlsbad, CA, USA). For alkaline phosphatase staining, after reacting with the primary Abs, slides were incubated with alkaline phosphatase-conjugated secondary antibody (Histofine Simple Stain AP, NICHIREI BIOSCIENCE INC., Tokyo, Japan). Alkaline phosphatase activity was measured using a substrate for alkaline phosphatase (ImmPact™ Vector Red, VECTOR Laboratories, Burlingame, CA, USA), and detected using a ZEISS Axio Imager 2 (Carl-Zeiss, Oberkochen, Germany). For each stomach specimen, all epithelial cells in randomly selected four high-power fields were evaluated for positivity of each stem cell marker. Three sections of the stomach from three CDand HFDs-fed mice were evaluated. Quantitative analysis of the immunohistochemistry-stained sections was performed using ImageJ software v1.52 (National Institutes of Health, Bethesda, MD, USA). The assessment of mucosal alterations in the stomach was based on a summation of scores for hyperplasia (0, non-substantial alteration; 1, low; 2, moderate; and 3, high), cell infiltration (0, non-substantial alteration; 1, low; 2, moderate; and 3, high), loss of gastric glandular cells (0, non-substantial alteration; 4, low; 5, moderate; and 6, high), Alcian blue staining (0, nonsubstantial alteration; 4, focal; 5, diffuse; 6, very strong diffuse), parietal cell loss (0, nonsubstantial alteration; 4, moderate; and 5, high).
Plasma Assay
Serum was collected from blood obtained by cardiocentesis under anesthesia and stored at −80 • C until measurement. Leptin (Leptin ELISA, Millipore, St. Charles, MO, USA), insulin (Mouse Insulin ELISA kit, Shibayagi, Gunma, Japan), glucose (Glucose CII-test, Wako, Osaka, Japan), and non-esterified fatty acid (NEFA) (NEFA C-test, Wako) levels in the sera were measured according to the manufacturers' protocols.
qPCR for Bacterial 16S rRNA Gene and Cytokine mRNA
DNA extraction from the gastrointestinal contents was performed using glass beads and phenol as described previously [23] . The mixture of glass beads and phenol was vortexed vigorously using a MicroSmash™ MS-100R system (Tomy Digital Biology, Tokyo, Japan) at 5000 rpm for 30 s. For detection and quantification of microbial number, qPCR analysis was carried out using 10-fold serially diluted extracted or standard DNA (kindly provided by Yakult Central Institute, Kunitachi, Japan) with group-and subgroup-specific primer sets in the KOD SYBR qPCR Mix (TOYOBO, Osaka, Japan) [23] . For detection of cytokine mRNA, total RNA from murine gastric mucosal tissue was extracted using RNeasy Mini Kits (QIAGEN, Valencia, CA, USA), according to the manufacturer's protocols. cDNA was synthesized from gastric mucosal cells using the ReverTra Ace ® qPCR RT Kit (TOYOBO, Co., Ltd., Osaka, Japan) according to the manufacturer's protocol. qRT-PCR was carried out using the KOD SYBR qPCR Mix (TOYOBO, Osaka, Japan) with specific primer sets (Table S3 ). And the products were detected on the AriaMx Real-Time PCR System (version 1.61, Agilent Technologies, Foster City, CA, USA). Relative changes in gene expression levels were calculated using the ∆∆Ct method. 18S rRNA gene expression level was used for the normalization.
Statistical Analysis
Data are presented as the mean ± SD and were analyzed by ANOVA followed by the Holm-Sidak post-hoc test for multiple comparisons, and Pearson correlation analysis using Prism software version 6 (GraphPad, San Diego, CA, USA). A p-value less than 0.05 was considered statistically significant.
Results
Obesity Does Not Necessarily Cause Intestinal Metaplasia in the Gastric Mucosa
To determine the effect of dietary fat on body weight and the pathogenesis of the gastric mucosa, C57BL/6J mice were fed eight kinds of HFDs (60% kcal from fat) or CD (9% kcal from fat) for three months (Table S1 and Figure S1 ). Mice fed lard (Lard), beef tallow (Beef), and hydrogenated coconut oil (Coconut) diets increased body weight as compared with CD-fed mice ( Figure 1 ). These mice also exhibited increase in appearance of intestinal crypt-like structures concomitant with Alcian blue-positive cells, loss of parietal cells, which release gastric acid, which was supported by reduced expression of parietal cell-marker, H + K + ATPase, indicating that the feature of gastric epithelium was changed into that of intestinal epithelium (intestinal metaplasia) ( Figure 2A ). Mice fed linseed oil (Linseed) did not increase body weight, but clearly showed intestinal metaplasia (Figures 1 and 2A ). Corn and olive oil (Olive) diets induced an increase in body weight, but little expression of Muc2, and slightly increased H + K + ATPase expression. Mice fed a soybean oil (Soybean) diet showed no increase in body weight but did show the same alterations in the expression of the above markers. Mice fed cocoa butter (Cocoa) exhibited lower body weight compared with CD-fed mice, and similar mucosal morphology and features to CD-fed mice. Although the phenotype of the gastric pathology was different due to HFDs, food intake was similar ( Figure 1 ). These alterations in pathogenesis were more prominently shown in gastric cardia than antrum. These results indicate that various dietary fats were divided into five groups in comparison to the CD group; increase in body weight and metaplasia onset (Lard, Beef, Coconut; group I), little increase in body weight but metaplasia onset (Linseed; group II), increase in body weigh without metaplasia onset (Corn, Olive; group III), neither increase in body weight nor metaplasia onset (Soybean; group IV), decreased body weight without metaplasia onset (Cocoa; group V) ( Figures 1 and 2B ). 
Intestinal Metaplasia in the Stomach Is Developed by HFDs that Induced Gastric Leptin Production
As we reported previously [15, 16] , high-lard diet feeding increased leptin and phosphorylated ObR expression in the stomach (Figure 3A,B) . Beef also showed significant expression of leptin and p-ObR, and Coconut and Linseed diets further augmented their expression ( Figure 3) . In contrast, Corn, Olive, Soybean, and Cocoa diets did not. Phosphorylated ObR expression was shown in parallel with leptin expression ( Figure 3A,B) . Pathogenesis of intestinal metaplasia was strongly correlation to both expressions of leptin and p-ObR (Figure 4) . Following leptin and phosphorylated ObR expression, STAT3, PI3K class I p85/p55, and ERK1/2 were also phosphorylated in the stomach of mice fed Lard, Coconut, and Linseed diets ( Figure 5 ). In sera, the leptin concentration trended higher in those fed Lard, Coconut, and Corn but insulin, glucose, and NEFA concentration did not vary among HFDs ( Figure S2 ). Figure 2B and leptin or p-ObR expression shown in Figure 3B , and a significant correlation (p < 0.0001) was obtained. Figure 5 . Upregulation of leptin receptor signaling in the gastric mucosa of group 1-type HFD-fed wild-type (WT) mice. Gastric sections stained for the phosphorylated STAT3, PI3K class I p85/p55, Akt, and ERK1/2, and total STAT3, PI3K class I p85/p55, Akt, and ERK2 in the gastric mucosa of WT fed for 12 weeks. Quantification of each expression level was performed by using ImageJ software described in the Methods. Data, shown as mean ± SD of eight mice were analyzed by the one-way ANOVA followed by Holm-Sidak post-hoc test for multiple comparisons. * p < 0.05, ** p < 0.01.
Chronic inflammatory mediators can be strongly associated with pleiotropic effects in the development of intestinal metaplasia and tumorigenesis. To identify potential inducers of intestinal metaplasia, we examined the mRNA expression of leptin, IL-11, and TNF-α in the gastric mucosa. Group I and II diets clearly increased leptin, in particular, Lard and Coconut also TNF-α level. IL-11 mRNA tended to increase in most HFDs except Cocoa diet. These results suggested that HFDs-accelerating the formation of intestinal metaplasia potently induced increased leptin expression and signaling in the stomach ( Figure S3 ).
β-Catenin Signaling Is Increased in the Gastric Mucosa of Mice Fed HFDs Accelerating Gastric Leptin Production
We next examined β-catenin expression in the gastric mucosa of mice fed Lard, Linseed, Olive, or Cocoa diets, because PI3K plays a role in the stabilization of β-catenin via Akt activation [29] . As reported previously using Lard diet [16] , Beef and Coconut also promotes intracellular or perinuclear localization of β-catenin. Furthermore, it was also observed in the stomach of Linseed diet-fed mice, whereas Olive and Cocoa suppressed these changes ( Figure 6A ). Moreover, Lgr5-positive cells, one of target molecules of β-catenin signaling, were increased concomitantly ( Figure 6B ). mRNA expression of c-Myc, which is a master regulator of cellular growth and metabolism [30] , and target molecules of β-catenin signaling were also increased in gastric mucosa of Beef, Lard, and Coconut-fed mice ( Figure 6C ). These results indicate that HFDs of group I and II that induced intestinal metaplasia accelerate intracellular β-catenin expression and stem cell-like cells such as Lgr5, activated pluripotent molecules such as c-Myc, suggesting that pathogenesis of intestinal metaplasia depended on gastric leptin signaling mediated through β-catenin signaling. 
Alteration of Microbial Component Induced by HFDs Is Irrespective of Body Mass
We examined the abundance of 12 major kinds of gastrointestinal microbiota by using groupspecific 16S rRNA-targeted primers. In the stomach, groups I and II diet-fed mice exhibited less alteration of total bacterial number, whereas Olive and Cocoa-fed mice showed increases (Figure 7) . HFD-fed mice generally showed drastic decrease of Bifidobacterium occupancy (CD 6.1%, Beef 0.03%, Lard not detected, Coconut 0.03%, Linseed 0.05%, Corn 0.7%, Olive 0.0001%, Soybean 0.001%, and Cocoa 0.0004%) but trends in the increased total bacterial number with higher occupancy of Lactobacillus. This observation was not shown in Lard and Coconut diet group. In particular, Olive and Cocoa diets caused a much higher occupancy, 96% and 74%, respectively. Microbiota of large intestine also showed an increased occupancy with Lactobacillus though less and milder than that of the stomach. Linseedand Soybean-fed mice exhibited slightly increased bacterial numbers. In both the stomach and large intestine, Cocoa-fed mice showed a preserved microbiome diversity. These results suggested that microbiome dysbiosis is not related with obesity or the onset of intestinal metaplasia of HFD-fed mice. 
HFDs-Accelerating Gastric Leptin Production Enhance Dysplasia in Mice Administered MNNG
To further investigate protumorigenicity of HFDs, we fed Lard, Linseed, Olive, and Cocoa diets to MNNG-administered mice. Since an administration of MNNG alone hardly induces gastric pathogenesis for short period [31] , three month CD-fed mice had no tumors, but exhibited low-grade hyperplasia with Alcian blue-positive cells. In contrast, Lard-fed mice showed more prominent dysplasia and complete replacement of normal gastric glands to intestinal cryptic structure ( Figure 8A ). They also exhibited glandular metaplasia with many Alcian blue-positive cells at the basement of the foveola than the Lard-fed mice without MNNG (Figure 2A) . In Linseed-fed mice, gastric mucosal structure was maintained, although there were increased Alcian blue-positive cells and decreased PAS-positive cells. The Olive diet induced hyperplasia and no intestinal type mucin. Cocoa-fed mice showed normal mucosal structure and expressed PAS-positive gastric type-mucus in spite of MNNG administration. We further examined cell proliferation in the gastric mucosa. In Lard or Linseed-fed mice, strong and high frequencies of Ki67-positive cells were detected from basal mucosa and weak positive cells spread across the mucosa in gastric cardia, whereas no such cells were observed in Cocoa diet group (Figure 8B,C) . These results indicate that Lard and Linseed-type HFDs increased the tumorigenic environment in the stomach. 
Discussion
This study presents the first evidence that HFD consumption does not necessarily induce an obesity-associated protumorigenic environment in the stomach that is accelerated by HFDs, actively stimulating gastric leptin production. We further showed that microbiome changes are not necessary for obesity and the onset of intestinal metaplasia in the stomach. Links between obesity and microbial community alteration have been considered as a cause gastrointestinal malignancy. However, our findings highlight that body mass increase is independent of pathogenesis and dysbiosis in the stomach. Thus, these results indicate that, irrespective of the induction of obesity or dysbiosis, HFDs elicit a gastric leptin-accelerated protumorigenic milieu in the stomach. These findings greatly contribute to improving the current understanding of dietary fat for the prevention of GC.
We compared eight kinds of HFDs adjusted to 60% kcal from fat. In spite of the fact that food intake was similar among all HFDs, body weight gains were different. Increased body mass can be caused by the digestibility and absorption of fat. Cocoa butter has been known to be a low-energy fat. In general, lipid digestibility is less than 95%. In contrast, cocoa butter digestibility is 60-70%, as the binding of calcium to form poorly digested fatty acid-calcium complexes results in low absorption [32, 33] . Other than digestibility and absorption, the type of fatty acids consumed is also a critical factor to body mass and pathogenesis. Fatty acids modulate mucosal cell growth and DNA damage [34] and contribute to the initiation and progression in various cancers [35] [36] [37] . Palmitic acid and saturated fatty acids promote metastasis of GC cells via fatty acid-binding protein 5 cascade [38] . Oleic acid enhances the invasiveness of GC cells via PI3K-Akt pathway [39] . N-3 polyunsaturated fatty acids have the ability to suppress pro-inflammatory cytokine production in GC patients [40] . However, our study revealed that the pattern of fatty acids might not be independent of metaplasia induced. The group I diet induced metaplasia, and while the Lard and Beef diets contain similar palmitic and oleic acid-rich fatty acids components, Coconut diet contains lauric acid-rich fatty acids ( Figure S1 ). Hydrogenated vegetable oils are trans saturated fatty acids with an increased melting point and were established as alternatives to lard and butter in processed foods. While trans fatty acids have been reported to be associated with health disorders such as diabetes, cardiovascular disease, obesity, and cancers such as mammary and prostatic [41] , no report indicates the gastrointestinal tumorigenic effects. Cocoa butter is composed of similar fatty acids as lard and beef tallow, however, the mice fed Cocoa diet kept lean with a healthy gastric mucosa. Moreover, dietary cocoa ameliorates the inflammatory mediators, IL-6 and MCP-1, in diet-induced obese mice [19] and inhibits colorectal cancer induced by AOM/DSS [42] . The Mediterranean diet, characterized by increased consumption of olive oil, could prevent gastric cancer [18] , although Olive-fed mice become obese as shown in our study. There are several factors of fatty acid combination, digestibility, and absorption that influence pathogenesis, thus, it will be necessary to investigate what factors are involved in HFD consumption influencing the stemness and protumorigenesis of the stomach.
It has not been investigated clearly how dietary fat modulates intracellular signaling for cell proliferation and protumorigenicity. β-catenin is a proto-oncogene and its signaling induces cell proliferation, differentiation, and survival [43, 44] . In this study, in addition to Lard, we found that Beef, Coconut, and Linseed (groups I and II) also accelerated gastric leptin production irrespective of body mass and caused intestinal metaplasia. In mice fed group I and II diets, increased phosphorylation of STAT3 and p85/p55 PI3K class IA, and the nuclear localization and intracellular accumulation of β-catenin, and the induction of Lgr5 and c-Myc induction was clearly shown, while no changes were seen in the group III-, IV-, and V-fed mice. In addition, it has been reported the Cocoa diet suppressed permeability of intestine by sustained occludin and ZO-1, tight junction molecules used for the maintenance of intestinal epithelial barrier [45] . Through these mechanisms, it can support mucosal integrity and suppress dysregulation of stemness. This study strongly suggested that gastric leptin acts independently of the physiological role in appetite suppression and energy expenditure and affects tumorigenesis in the stomach.
Intestinal microbiota has been considered to have a potential role in obesity and gastrointestinal malignancies [46] . Microbiome imbalance, dysbiosis has been considered to increase the development of inflammation and cancer. Although the occurrence of a high ratio of Firmicutes/Bacteroidetes has been shown in the intestinal feces in both obese animals and humans [21, 47, 48] , recently this finding is controversial [49, 50] . Very recently, we found a considerable abundance of gastric microbiota in mice, although the gastric environment has been considered to be unfavorable for bacterial growth due to lower pH, and showed Lactobacillus dominance in intestinal metaplasia in the stomach of mice fed high lard diet [23] . Mice fed group I and II diets showed similar bacterial number to CD, however, the mice had comparatively lower number than group III, IV, and V diets. While dysbiosis enriched Lactobacillus population in the stomach of chronic H. pylori-infected patients under the reduced gastric acid secretion conditions [51] , dysbiosis was not associated with onset of intestinal metaplasia in this study. All HFDs tended to increase microbial number and higher occupancy of Lactobacillus in the stomach. These effects were most pronounced in the Olive and Cocoa groups, in which these diets failed onset of intestinal metaplasia. Furthermore, in Cocoa-fed mice, the microbial community in both the stomach and large intestine tended to increase in diversity more than the other diet groups. We have reported that leptin signaling shapes the microbe community to collectively modulate the progression of pathogenesis in the stomach [23] . It will be necessary to investigate the significance of body mass, dysbiosis, and the pathogenesis in the gastric mucosa mediated by leptin signaling in the stomach to provide tumorigenesis or healthy in the gastric environment.
In conclusion, we demonstrated that intestinal metaplasia, which shapes the microbial community to collectively modulate pathological progression in the stomach, is independent of body mass and the microbiota community composition and depends on HFD-induced gastric leptin signaling. Although we demonstrated differences in dietary fat with respect to the acceleration or suppression of intestinal metaplasia in mice, further studies are needed to clarify precisely how dietary fat-induced gastric leptin affects cell development or the protumorigenic environment in the stomach. Our findings may suggest novel targets for the development of preventive strategies of dietary life against GC, especially in the context of obesity.
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